H I G H L I G H T S
• PCDD/Fs concentrations in earthworms show transfer from contaminated soil to biota.
• Bioaccumulation factors for in situ and in vitro PCDD/Fs exposed earthworms.
• Risk assessments of contaminated sites should contain bioavailability information.
G R A P H I C A L A B S T R A C T a b s t r a c t a r t i c l e i n f o 1. Introduction
Hillringsberg is one of the most heavily polluted sawmill sites in Sweden. The sawmill site has been contaminated for decades by spills of Dowicide G, the sodium pentachlorophenate (NaPCP) preservative from Dow Sweden Ltd. (Persson et al., 2007; Länsstyrelsen Värmland, 2010; Henriksson et al., 2013) . Dowicide G and other chlorophenolbased preservatives contained polychlorinated dibenzo-p-dioxins and polychlorinated dibenzofurans (PCDD/Fs), unintentionally formed during their fabrication (Rappe and Garå, 1978 , Hagenmaier and Brunner, 1987 , Masunaga et al., 2001 ). An earlier study showed that a soil sample from the preservation area had a PCDD/Fs concentration of 690,000 ng TEQ WHO2005 /kg d.w. (Henriksson et al., 2013) . The level is 3450 times higher than the Swedish generic guideline value (200 ng TEQ WHO2005 /kg d.w.) for industrial land use and 34,500 times higher than the Swedish generic guideline value (20 ng TEQ WHO2005 /kg d.w.) for habitation land (SEPA/SNV, 2009). The main PCDD/Fs congeners at the site were OCDD, 1, 2, 3, 4, 6, 7, OCDF and 1, 2, 3, 4, 6, 7, 8 -HpCDF which reflects the main contaminants in Dowicide G (Persson et al., 2007; Länsstyrelsen Värmland, 2010; Henriksson et al., 2013) . Since soils are heterogeneous environmental matrices with varying spatial and temporal distribution of organic carbon, pH, humidity, particle size distribution, the measured PCDD/Fs concentration in the soil is not the same as the environmentally bioavailable concentration, which is also dependent on the duration of contact between compound and soil (aging) and physicochemical properties of the compounds. Therefore knowledge of the site specific uptake and bioaccumulation is necessary for adequate assessment of environmental and human health risks associated with a contaminated site (Belfroid et al., 1995; Matscheko et al., 2002a Matscheko et al., , 2002b Lanno et al., 2004) . A good supplement to chemical analysis of soil in a site specific risk assessment is investigation of the amount of PCDD/Fs which are bioavailable to earthworms. Earthworms are suitable organisms when assessing bioavailability since they can be found in a variety of soil types, including contaminated soils and are more or less in constant contact with the soil which makes them highly exposed to soil bound substances, through either direct dermal contact or ingestion of soil or specific fractions of the soil (Lanno et al., 2004) . Earthworms can have a strong influence on the bioavailability of PCDD/Fs to other organisms by serving as prey to birds or other predators. Thus earthworms represent a potential transfer route from soil into the food web. In addition, their limited mobility (2.5-14 m yr − 1 ) (Emmerling and Strunk, 2012) makes them an appropriate species for monitoring the potential impact of local organic contaminants in soil, (Reinecke and Nash, 1984; Kitunen et al., 1987; Knuutinen et al., 1990; Laine et al., 1995; Matscheko et al., 2002a Matscheko et al., , 2002b Jager et al., 2005) . Although, the bioavailability and contamination patterns are important in pollutant fate risk assessments of contaminated sites information of the site specific bioavailability of the pollutants generated from field studies are often missing.
The aim of this study was to investigate the uptake of PCDD/Fs in earthworms at a former sawmill site and evaluate if earthworms represent a potential transfer route from soil into the food web. Concentrations of PCDD/Fs in earthworms found at the site (in situ) were compared to PCDD/Fs concentrations in laboratory exposed earthworms (in vitro). Furthermore, bioaccumulation factors (BAFs) were calculated to provide site specific bioavailability assessment of each PCDD/Fs congener beyond the factual PCDD/Fs concentrations.
The results will be useful in the risk assessments of the site and can be helpful in risk assessments of other PCDD/Fs contaminated sites.
Material and methods
The uptake of PCDD/Fs into earthworms was studied by two different experiments; in situ and in vitro. In the in situ experiment PCDD/Fs concentrations were determined in earthworms collected from the contaminated sawmill site. In the in vitro experiment the PCDD/Fs concentrations were determined in earthworms (Eisenia fetida) exposed in the laboratory to contaminated soil collected from the same sawmill site. The earthworm species Eisenia fetida is available commercially and is recommended by the Organisation for Economic Co-operation and Development (OECD) for tests of acute and subacute toxicity of soil associated pollutants (OECD, 1984) .
The site is divided into four subareas due to the former sawmill activities: the preservation area (PA), the landfill area (LF), the storage area (SA) and the remaining area (RA). The subareas are printed over an aerial photo of the site from 1961 (Fig. 1 ). The same figure shows the sampling points of soil and earthworms. Sampling points where both soil and earthworms were collected are marked with a yellow circle and are presented in this article. More information of the other sampling points and spatial distribution of the PCDD/Fs contamination is found in a former article (Henriksson et al., 2013) .
2.1. In situ experiment -earthworms collected from the sawmill site Earthworms were collected from sampling points 018, 057, 058, 027 and BP056 (Fig. 1) in June 2007 and 2008 by hand sorting using a stainless steel spade (depth b 20 cm). The sampling points were coordinate determined and already named and used during environmental investigations to estimate the degree of PCDD/Fs contamination in the soil (Henriksson et al., 2013) . All species of earthworms, mainly Aporrectodea caliginosa and Lumbricus rubellus (J. Lagerlöf, Swedish University of Agricultural Sciences, personal communication), which were found at the same sampling point and sampling time were collected and pooled as one sample. This resulted in nine earthworm samples (W1-W9) whereof eight of these were pools consisting of 2-6 earthworms. Sample W6 consisted of one earthworm only because earthworms were scarce at the sampling point 018 as a result of the high concentration of contaminants. Sample W6 is not as representative as the other pools but provides interesting information to the study as it comes from the hot spot of the site. The earthworms were transferred to the laboratory in glass jars filled in their native soils. Two earthworm pools (W1 and W2) were collected from the SA subarea; W1 from sampling point 027 and W2 from sampling point BP056 (Fig. 1) . The seven remaining earthworm pools (W3-W9) were collected from the PA subarea at various times during June 2007 and 2008. W4 and W7 were collected from sampling point 058. W6 were collected from the sampling point 018 which is the hot spot of the site and W3, W5, W8 and W9 were collected from sampling point 057 (Fig. 1) . Prior to analysis the earthworm pools were treated according to Jager et al. (Jager et al., 2005) . First the earthworms were rinsed in distilled water. Thereafter were they kept on moist filter paper in Petri dishes for 48 h to allow them to clear their gut. Distilled water was added to each container to provide sufficient moisture content. Filter paper was changed after 24 h. After depuration, the earthworms were once again rinsed in distilled water and then packed in aluminum foil and put in a freezer (− 20°C), where they were stored until extraction and sample pretreatment.
2.2. In vitro experiment -earthworms exposed to contaminated sawmill soil in the laboratory Earthworms (Eisenia fetida) were bred at 20°C in soil and peat in the laboratory and fed on dried horse manure. The earthworms were incubated in 500 g of two diverse soil samples in 900 ml glass beakers. The soil samples were collected from sampling points 057 and 058 at the PA subarea at the sawmill site. The soils were homogenized by mixing and stored at room temperature at approximately 20°C.
Twelve earthworms were collected from the breeding colony and were placed in each glass beaker. The earthworm pools corresponding to 057 and 058 were called W10 and W11. The beakers were wrapped with aluminum foil to prevent earthworms from escaping, but were not kept completely dark. To provide suitable conditions for the earthworms, the soils field capacity was held at 60% moisture by maintaining a goal weight and adding water each day. The earthworms were exposed to the contaminated soils for 34 days. The exposure was ended by removing the earthworms and rinsing them in distilled water. After 48 h of gut purging as earlier described (Jager et al., 2005) , the earthworms were weighed, transferred to a vessel with liquid nitrogen and thereafter transferred to a mortar.
Cleanup and analysis of earthworms
The earthworms were homogenized in a mortar with anhydrous sodium sulphate. For the in situ earthworms the weight ratio between earthworm and sodium sulphate was 1:5 and for the in vitro earthworms the ratio was 1:7 since these were damper. The homogenates were stored in a freezer (−20°C) before sample extraction and analysis. The homogenates were extracted, using open column chromatography. First, the homogenates were spiked with 13 C-labelled internal standard (EN 1948; Wellington Laboratories) before the lipid fractions were extracted by a mixture of n-hexane: dichloromethane (1:1). The lipid weights were determined gravimetrically. The extract was then treated using three different open columns (multilayer silica, AlOx and active carbon). The multilayer silica column contained KOH silica, neutral activated silica, 40% H 2 SO 4 silica gel, 20% H 2 SO 4 silica gel, neutral activated silica gel and Na 2 SO 4 and was eluted with n-hexane. This column was followed by an AlOx column eluted with n-hexane/dichloromethane. Additional clean up and fractionation was done on an active carbon column, containing Carbopack C dispersed on Celite 545, which was eluted with 7 ml of n-hexane for non-planar compounds and then 80 ml of toluene to extract the planar fraction containing PCDD/Fs. Addition of 13 C-labelled recovery standards was done prior to instrumental analysis. The extracts were kept in tetradecane.
Congener specific determinations of PCDD/Fs in the earthworms were performed by high resolution gas chromatography/high resolution mass spectrometry (HRGC/HRMS), Micromass Autospec Ultima operating at 10000 resolution using EI ionization at 35 eV. All measurements were done in the selective ion recording mode (SIR), monitoring the two most abundant ions of the molecular chlorine cluster. Chromatographic separation was achieved by splitless injection of 1 μl of the extract on a non-polar DB-5MS column (J&W Scientific; Folsom, CA, USA) using helium as the carrier gas. The DB-5MS column length was 30 m, with an internal diameter of 250 μm and nominal film thickness of 0.25 μm. When using a 30 m column co-elution of 2,3,7,8-substituted congeners with non-2,3,7,8-substitutes congeners may occur. In this study, a limited number of peaks were detected in the chromatograms and the retention times of most detected peaks corresponded well with that of their corresponding internal standards. From this knowledge we draw the conclusion that the presence of non-2,3,7,8-substituted congeners in the soil is overall limited and that it is mainly 2,3,7.8-substituted congeners detected. The limits of detection were calculated at an S/N ratio of 3 and corrected for the recovery of the internal standard as a result of using isotope dilution methodology.
GC/MS analysis and calculations
Quantification of analytes in the extracts was performed using PC software, QuanLynx 4.1. The toxic equivalent quote (TEQ) were determined for all 2,3,7,8-substituded PCDD/Fs congeners based on WHO 2005 toxic equivalence factors (TEF) (Van den Berg et al., 2006) . When the sum for the total TEQ of the individual samples was determined, the concentrations of non-detected congeners, i.e., congeners below the limit of detection (LOD) were handled as the limit of detection divided by two (LOD/2).
Quality assurance
Recoveries of the labelled compounds ranged between 55 and 120%. For positive identification of the detected native compounds, the two ions of the molecular cluster monitored simultaneously had to have an isotope ratio within ±15% and the retention time had to be within ±1 s compared with the corresponding internal standard. An extraction blank was run with every batch of five samples. To ensure the quality of the analysis our laboratory participates yearly in different proficiency tests.
Analysis of soil
56 soil samples (001-BP056) were sampled at different times and analysed at two different accredited laboratories using an analytical method based on the United States Environmental Protection Agency (U.S. EPA) Method 1613 (EPA, 1994) . The sampling and analysis of soil sample 001-053 has been reported in a former article (Henriksson et al., 2013) . Soil samples BP054, BP055 and BP056 are pools from three different areas at the SA and were not included in the former article. The two soils from sampling points 057 and 058 were collected in the field at the sawmill site and taken back to the laboratory and used in the in vitro experiment, and analysed at the same time as the earthworms. Soxhlet extraction (24 h reflux in toluene) was applied to the samples, followed by the same clean up methodology that was applied to the earthworms.
Bioaccumulation factor (BAF)
BAF, defined as the ratio between the PCDD/Fs concentration in earthworm and PCDD/Fs concentration in the soil was calculated as (Lyytikäinen et al., 2003) :
where C W is the concentration in earthworm (pg/g f.w.) and C S is the soil concentration of PCDD/Fs (ng/kg d.w.). BAFs for the in vitro earthworms were calculated after 34 days of exposure.
Results and discussion

PCDD/Fs concentrations in soil
PCDD/Fs concentrations in soil collected from the site varied from below the detection limit to very high; 690,000 ng TEQ WHO2005 /kg d.w. (i.e., sample 018 representing the hot spot) and show the contamination distribution from the former processes at the sawmill (Henriksson et al., 2013) .
The PCDD/Fs concentrations in the soil collected from the same sampling points as the collected earthworm samples (W1-W9) are listed in Table 1 . The great vertical and horizontal variation in contamination at the PA subarea is due to local spillage of Dowicide G. Furthermore, a fire at the site may also have affected the distribution of contaminants in a random manner (Henriksson et al., 2013) . Soil 027 and BP056 were collected from the SA subarea, where the lowest PCDD/Fs concentrations at the site were encountered (0.62-35 ng TEQ WHO2005 /kg d.w.).
PCDD/Fs concentrations in earthworms
3.2.1. In situ experiment -earthworms collected from the sawmill site PCDD/Fs concentrations in all pooled earthworm samples from the field are listed in Table 2 , presented both in lipid weight (l.w.) and fresh weight (f.w.). The earthworms had an uptake of PCDD/Fs from the contaminated soil ranging from 290 to 520,000 pg/g f.w., showing a large spread of PCDD/Fs concentrations accumulated in the earthworms. The lowest PCDD/Fs concentrations (290 and 1200 pg/g f.w.) Table 1 Concentrations of PCDD/Fs (ng/kg d.w.) in soil samples used in this study. Soil properties and the corresponding earthworm pools collected from the same sampling points as the soil are also presented in the were found in the earthworm pools from the SA subarea and the highest PCDD/Fs concentrations (4500-520,000 pg/g f.w.) were present in earthworm pools from the PA subarea. The earthworm sample collected at the hot spot, i.e., sampling point 018, showed the highest PCDD/Fs concentration (520,000 pg/g f.w.) of all analysed earthworm sample/ pools. To investigate the relationship between concentrations of 2,3,7,8-substituted PCDD/F congeners in earthworm pools, the logarithmic concentrations of all seventeen congener analysed in earthworm pools were plotted against the logarithmic concentrations of the corresponding congeners in the corresponding soil (Fig. 2 ). There was a strong correlation between the concentrations of individual congeners in soil and in earthworm pools. This is visualised in Fig. 2 where all samples related to sampling point 057 are plotted. The coefficient of determination, i.e. R 2 , varied between 0,69-0,99 for all pools including the in vitro earthworm pools. The greater concentration of a congener in the soil, the greater concentration of the congener is detected in the corresponding earthworm pool.
There are a few publications reporting uptake of PCDD/Fs in earthworms from different locations. Nakamura et al. reported PCDD/Fs concentrations in earthworm collected from fallow rice fields in Japan (Nakamura et al., 2007) . The concentration of PCDD/Fs and dioxin-like PCBs were 900,000 and 150,000 pg/g f.w. (670 and 150 pg TEQ/g l.w.) for earthworms from two different paddy fields. The corresponding concentration (PCDD/Fs and dl-PCBs) in the soils were 44,000 and 18,000 pg/g d.w. which are also much lower concentrations than reported in this study.
In another study by Shang et al. earthworms were collected from an E-waste dismantling area in China. In this study the earthworm concentrations ranged between 130 and 590 pg/g d.w. for PCDD/Fs (Shang et al., 2013) . Based on the assumption that earthworms from this study had a water content of 80% (Dalby et al., 1996) , the PCDD/Fs concentration in our earthworm pools range between 1500 and 15,000,000 pg/g d.w. The earthworm pool with the lowest concentrations in our study has ten times as high concentrations as the earthworm presented by Shang et al. However, the soils from the E-waste dismantling area in China, where the earthworms were collected, had PCDD/Fs concentrations ranging from 180 to 1170 pg/g d.w. which are ten to 100,000 times lower than the PCDD/Fs concentrations in the soil from Hillringsberg sawmill site. Although the PCDD/Fs level in earthworm possibly reflect the degree of contamination where it dwells, our study show that earthworms collected from the same sampling point have different degree of uptake of PCDD/Fs. For example, four earthworm pools collected from the 057 sampling point varied greatly in PCDD/F concentration, from the highest PCDD/Fs level of 76,000 pg/g f.w. down to 4500 pg/g f.w., with a mean of 42,000 pg/g f.w. (standard deviation of 29,000 pg/g f.w.). The observed variations are probably a natural result of different earthworm species and differences in bioaccumulation between individuals. Factors that could affect uptake and bioaccumulation in earthworms are metabolism, behavior and the duration of exposure through the heterogeneity of the PCDD/Fs distribution in the soil, which varies greatly both horizontally and vertically (Lanno et al., 2004; Henriksson et al., 2013; Shang et al., 2013) .
In vitro experiment -earthworms exposed to contaminated sawmill soil in the laboratory
Two colonies of earthworms, W10 and W11 were exposed to two different soils of different degree of dioxin contamination. No mortality was observed among the earthworms during the in vitro experiment. The accumulated concentrations of PCDD/Fs in the earthworms exposed to contaminated sawmill soil after 34 days in the laboratory were generally lower than the in situ earthworms, 5100 and 7400 pg/g f. w., respectively. The PCDD/Fs concentrations are listed in Table 2 . The Sum pg/g (l.w.) 31,000 110,000 7,800,000 5,100,000 430,000 41,000,000 3,800,000 3,300,000 3,700,000 2,100,000 2,600,000 Sum pg TEQ/g (l.w.) 170 890 80,000 49,000 1800 240,000 49,000 45,000 41,000 59,000 34,000 concentrations in the in vitro earthworms are about ten times lower than in the in situ earthworms. Reasons for this observation could be that Eisenia fetida used in the in vitro experiment differ in the uptake of PCDD/Fs compared to the species living at the site, or that the steady state for PCDD/F uptake might be slower at high concentrations of contaminants. Another explanation could be that the concentration of organic carbon was too low for the Eisenia fetida species and that the worms suffered from starvation which affected their uptake of contaminants (Spurgeon and Hopkin, 1999) .
Site specific uptake in earthworms
All samples from the sawmill site are dominated by four PCDD/Fs congeners; OCDD, 1, 2, 3, 4, 6, 7, OCDF and 1, 2, 3, 4, 6, 7, The distribution of congeners in the earthworm pools is very similar to the distribution in the corresponding soil, both for in situ and in vitro exposed earthworms, reflecting their soil habitat. Overall the congener profile for PCDDs is similar between the soil and earthworm pools. However, the PCDF profile deviates a little between the earthworm pools and the profile in the soil. For example the earthworm pools W8 and W9 have higher concentrations of 1,2,3,4,6,7,8-HpCDF than OCDF meanwhile the soil sample 057 has higher concentrations of OCDF than 1,2,3,4,6,7,8-HpCDF (Tables 1 and 2 ). Possibly these variations are depending on differences in bioavailability. Other factors that can explain this variation are difference in species, a natural variation in the mobility of the earthworms, the spatial distribution of the contamination and the heterogeneity in the soil. Different species of earthworms have different capacities for uptake and bioaccumulation of PCDD/Fs based on their physiological and morphological characteristics, such as structure of their skin (Nannoni et al., 2011) . They have also different behavior patterns, some of them have habitats in the top layer and other species accumulate compounds from deeper layers. The bioavailability in the soil varies over time depending on seasons and weather which changes the texture and composition of the soil which is controlled by physical and chemical properties, such as water content, oxygen content, salt content, pH, clay content, mineral content and organic matter content. Also the biological property in the soil varies, such as microorganisms, algae, fungi, actinomycetes, nematodes, oligochaetes, insects, small mammals, plants trees etc. (Sijm et al., 2000) .
The distribution of PCDD/Fs congeners in the in vitro earthworm pools have a tendency to correspond better to the soil than the in situ exposed pools, see percentage distribution of different congeners in Fig. 3 . This is in line with the theory that the earthworms' mobility habitat in the wild life affects the PCDD/Fs uptake.
Bioaccumulation of PCDD/Fs by earthworms
Bioaccumulation factors (BAF) were calculated for each earthworm pool and showed that the BAF was higher in the earthworms collected in the soils with lower PCDD/Fs concentrations, see Tables 1 and 3 . The highest BAF values were observed for the earthworm pools collected in the SA subarea where the PCDD/Fs contamination is lower than in the PA subarea. The lowest BAF for most congeners had the earthworm samples W5 and W6. W6 is collected at the "hot spot" at the sawmill site (sampling point 018) and the high soil concentration of contaminants seem to have a decreasing effect on the BAFs for all congeners analysed in the sample. This observation shows that high soil concentrations are not solely responsible for high concentrations in earthworm resulting from bioaccumulation. Thus; a low contaminated soil could yield earthworms with higher concentrations than a higher contaminated soil. Assuming that when assessing risks with PCDD/F contaminated soil, a combination of chemical analysis of soil PCDD/F concentrations and bioavailability should be employed.
Among the four earthworm pools collected at the 057 sampling point, W5 had significantly lower BAFs compared to the other three pools (W3, W8 and W9) which had higher BAFs in the same range.
W5 was the smallest earthworm pool and possibly it constitute of different species than the other earthworm pools. Expect for the W5, the in vitro earthworms showed lower BAF:s than the in situ earthworms collected from the same geographic sampling point as the soil used in the in vitro experiment. However, BAFs for individual congeners followed the same distribution in all earthworms exposed to the same soil. According to Shang et al. many studies suggest that a steady-state equilibrium of hydrophobic organic contaminants between soil and earthworm could be reach within 30 days (Shang et al., 2013) . They also establish that it is difficult to determine the exposure time in the field environment since various factors could affect the bioaccumulation.
The earthworms show similar bioaccumulation for PCDD/Fs as the earthworms in the study of Shang et al. (Shang et al., 2013) . Heptaand octa-homologues are generally less bioavaiable to earthworms than the lower chlorinated PCDD/Fs congeners. However, the trend wasn't distinguishable for PCDFs in pools W2, W3, W5 and W7. Smaller molecular size is considered to be an important factor affecting bioaccumulation. This correlates with other studies where the accumulation of 2,3,7,8-substituted tetra-and penta-chlorinated PCDD/Fs are generally two to three times higher than OCDD/F (Matscheko et al., 2002a (Matscheko et al., , 2002b .
Conclusions
The overall conclusions is that PCDD/Fs are bioavailable to earthworms even when exposed to aged soil from former sawmill sites. The PCDD/Fs concentration in the soil correlates with the concentrations in the earthworms. However, high PCDD/Fs concentrations in soil are not solely responsible for high bioaccumulation in earthworms, since decreasing BAFs were observed with increasing soil contaminations. Thus, a less contaminated soil could yield higher concentrations in earthworms compared to a higher contaminated soil. The earthworms had the same congener pattern as found in the soil, indicating that the accumulation is not selective and no biotransformation occurs. The laboratory experiment (in vitro) indicates that the exposure time (34 days) might have been too short to reach steady state when using soil with high PCDD/Fs concentration since the in vitro earthworms had lower concentrations than the in situ earthworms. Another factor that might have influenced the results was that the exposed Eisenia fetida could suffer from starvation during the in vitro exposure experiments which affected their uptake of contaminants and reduced the bioaccumulation.
The result shows that PCDD/Fs pass from the terrestrial to biota and some concern regarding exposure risks from the studied sawmill site could be evoked. PCDD/F have a tendency to accumulate in living tissue and will pass through the food chain and reach higher concentrations in organisms at higher concentrations. Predators like mice and different kinds of birds feed on earthworms and can bioaccumulate PCDD/Fs and thereafter contribute to the spreading of these pollutants in the environment and in the food web when they become prey to other predators like owls.
This study show that risk assessment of PCDD/F contaminated soil based on total concentrations may not be conclusive. Spreading of pollutants via organisms should be considered for a more comprehensive risk analysis.
The use of the earthworm bioavailability model could be a useful tool to estimate the bioavailability and bioaccumulation of PCDD/Fs contaminants in risk assessments of contaminated sites and assist in defining priority of sites with the most urgent need for remediation actions. When assessing risks with PCDD/Fs contaminated sites, a combination of chemical analysis of soil PCDD/Fs concentrations and bioavailability will improve risk assessment. 
